The investigation of microbial hydrocarbon oxidation has expanded in the last decade, especially concerning either the study of the mechanism of hydrocarbon oxidation (2, 3, 7, 12) or the finding of products of industrial interest (9, 11) .
Gas chromatography-mass spectrometry appeared to be a very helpful tool in characterizing oxidation products from a fermentation broth and could be employed as a screening technique in investigating microorganisms able to utilize hydrocarbons as sole carbon source.
In this paper we report the results of application of the gas chromatography-mass spectrometry technique to the study of the oxidation products of n-decane by Corynebacterium.
MATERIALS AND METHODS Organism. The microorganisms studied were Corynebacterium sp. strain 269 (SNAM Progetti collection), isolated from soil in M9 salt medium (6) with n-decane instead of glucose as sole carbon source and Corynebacterium sp. strain 7E1C, kindly provided by A. S. Kester (Department of Biological Sciences, North Texas State University, Denton, Tex.).
Culturing conditions. Medium L of Leadbetter and Foster (8) was used throughout the experiment, and n-decane (Fluka practicum, 95% by gas chromatography) was the sole substrate. The pH of the medium was adjusted at 7 to 7.4. The fermentation experiments were carried out in cotton-plugged 500-ml Erlenmeyer flasks containing 100 ml of medium L. After sterilization for 20 min at 121 C, 4 ml of sterile n-decane was added to the cool medium. After inoculation with a 2-day-old culture of the microorganisms in the same medium, the flasks were incubated for 73 h at 35 C on a rotary shaker at 220 rpm.
An experiment was done by adding, at the beginning of the fermentation, sterile CHOH (0.5% with respect to n-decane) in order to investigate the influence of a short chain alcohol on the esterase system. The broth was acidified to pH 1.0 H2SO4 and then shaken in a separatory funnel with diethyl ether, previously washed twice with 2 N NaOH. The ether extraction was repeated twice, and the combined ether phases were washed with 15 ml of distilled water.
Analytical methods. The combined ether extract, containing residual n-decane and oxidation products, was brought to volume. Part of this solution was used to determine the total acid formed by titration with 0.01 N NaOH. The remaining part was used to identify the oxidation products.
The aliphatic acids were transformed into their methyl esters using diazomethane (4). For quantitative determination of oxidation products a Hewlett Packard model 7620 gas chromatograph, equipped with a flame ionization detector and automatic integrator, was used. For identification purposes a Varian Mat 111 gas chromatograph-mass spectrometer was used. The operating conditions for the separation of oxidation products were: a stainless-steel column (1.83 m long, 2.2 mm inner diameter) packed with 10% UC-98 W (methyl vinyl silicone); the column temperature was programmed at 80 C for 2 min; from 80 to 110 C at 6 C/min, held isothermally for 2 min; from 110 to 210 C at 8 C/min; from 210 to 250 C at 30 C/min; and held isothermally for 30 min. Injector temperature was 410 C and helium (25 ml/min) was used as a carrier gas. The mass spectra were taken using 70 eV ionizing energy.
RESULTS AND DISCUSSION
The cell yields, amounts of residual n-decane, total oxidation products, and the pH of the medium at the end of the experiment with Corynebacterium strains 7E1C and 269 are reported in Table 1 . Mass spectra of the compounds corresponding to peaks 7, 8, 10, and 11 in Fig. 1 are shown in Fig. 3 . They show fragmentation patterns of esters of long chain acids with long chain alcohols (1, 10) and all present molecular ions. The m/e of the characteristic fragment ions for ester of monocarboxylic acids are reported in bonds adjacent to the carbonyl group. We indicate with R and R' the alkyl moieties of the acyl groups and the alcohol, respectively.
The mass spectrum of the chromatographic peak 12 (Fig. 1) corresponding to the didecyl decane 1-10 dioate is shown in Fig. 4 Monoterminal and diterminal oxidation of n-decane by Corynebacterium 7E1C is in agreement with the findings of Kester and Foster (7), except for the absence of 10 hydroxydecanoic FIG. 1. Gas chromatographic separation of oxidation products of Corynebacterium 7E1C. The following products were identified: peak 1, n-octane; 2, n-nonane; 3, n-decane; 4, methyl decanoate; 5, dimethyl octane 1-8 dioate; 6, dimethyl decane 1-10 dioate; 7, octyl decanoate-decyl octanoate; 8, nonyl decanoate-decyl nonanoate; 9, decyl decanoate; 10, decyl hexadecanoate; 11, decyl octadecanoate; 12, didecyl decane [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] dioate. Products from the first three peaks were initially present in n-decane. The following products were identified: peak 1, n-octane; 2, n-nonane; 3, n-decane; 4, methyl octanoate; 5, 1-decanol; 6, methyl decanoate; 7, 1-9 nonanediol; 8, 1-10 decanediol; 9, methyl stearate; 10, decyl decanoate. Products from the first three peaks were initially present in n-decane. The effect of methanol in relatively high concentration in inducing the formation of methyldecanoate instead of decyldecanoate could be interpreted as a displacement of esterification equilibrium towards the formation of methyldecanoate. We believe that decyldecanoate and didecyl decane 1-10 dioate are formed by biological esterification between n-C10 monoacid and n-C10O diacid, respectively, and ndecanol, which originated from the biological oxidation of n-decane.
Using the above chromatographic conditions it was not possible to separate the octyldecanoate-decyloctanoate and the nonyldecanoatedecylnonanoate mixtures.
Octyldecanoate can be explained as a condensation product of n-octanol, derived from the oxidation of n-octane present in the n-decane and n-C10 acid produced from n-decane. In decyloctanoate the acid moiety may arise either from n-octane or from decanoic acid by ,B oxidation and the alcohol moiety from oxidation of n-decane. As regards the nonyldecanoate decylnonanoate mixture, the n-C10 acid and n-C10 alcohol moieties originated from oxidation of n-decane; the n-C9 alcohol and n-C9 acid moieties arose from n-nonane present in the n-decane, the a oxidation of decanoic acid to nonanoic acid being very unlikely (5) . The presence of decylhexadecanoate and decyloctadecanoate in strain 7E1C, and the presence of stearic acid in strain 269 cultures, made us think that n-C16 and n-C18 acid moieties were derived from cellular components. Oxidative systems from n-decane to alcohols and from alcohols to acids do not appear to be well balanced in the case of Corynebacterium 269, which accumulated alcohols in high amounts. Among these alcohols it is interesting to note the formation of products with diterminal alcoholic functions. 1-9 Nonane diol seems to be derived from n-nonane, which is present as an impurity in the n-decane.
